Natural rubber is harvested by tapping Hevea brasiliensis (Willd. ex A. Juss.) Müll. Arg. Harvesting stress can lead to tapping panel dryness (TPD). MicroRNAs (miRNAs) are induced by abiotic stress and regulate gene expression by targeting the cleavage or translational inhibition of target messenger RNAs. This study set out to sequence miRNAs expressed in latex cells and to identify TPD-related putative targets. Deep sequencing of small RNAs was carried out on latex from trees affected by TPD using Solexa technology. The most abundant small RNA class size was 21 nucleotides for TPD trees compared with 24 nucleotides in healthy trees. By combining the LeARN pipeline, data from the Plant MicroRNA database and Hevea EST sequences, we identified 19 additional conserved and four putative species-specific miRNA families not found in previous studies on rubber. The relative transcript abundance of the Hbpre-MIR159b gene increased with TPD. This study revealed a small RNA-specific signature of TPD-affected trees. Both RNA degradation and a shift in miRNA biogenesis are suggested to explain the general decline in small RNAs and, particularly, in miRNAs.
Introduction
Hevea brasiliensis (Willd. ex A. Juss.) Müll. Arg. is the sole commercial source of natural rubber and is mainly produced in South-East Asia, which supplied 92% of the 10.2 million tons of natural rubber produced in 2011. Natural rubber is harvested by tapping the trunk bark (Figure 1a and b). The cis-1,4-polyisoprene polymer is biosynthesized in the rubber particles of latex cells. These specialized cells are periodically emitted from the cambium. Latex cells form articulated and anastomosed laticiferous vessels arranged in concentric rings (laticifers; de Faÿ and Jacob 1989) . Hence, latex expelled after bark tapping (cutting of the soft bark; Figure 1b) is cytoplasm from the laticifers. Ethephon (2-chloroethylphosphonic acid) is applied near the tapping cut before tapping to stimulate latex production by increasing the duration of latex flow after tapping and by increasing the rate of regeneration between two tappings (Lacote et al. 2010) . Blocking of the laticifer tubes by internal rubber plugs takes place a few hours after tapping. Proteins and cations located in lutoids and Frey-Wyssling particles, organelles specific to latex cells, are released after the severe osmotic stress that occurs on tapping, which leads to rapid electrostatic destabilization of the negatively charged colloidal complex of latex (for a review, see d' Auzac (1989) ). Hevein, a lectin-like protein located in lutoids, is likely to play a role in the latex coagulation mechanism by bridging between rubber particles (Gidrol et al. 1994) .
Tapping panel dryness (TPD) causes 10-40% annual rubber production losses over the 30 years of a rubber cultivation cycle. The absence of a biotic causal agent led to the conclusion that TPD is a complex physiological disorder (Chen et al. 2003) .
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Downloaded from https://academic.oup.com/treephys/article-abstract/33/10/1084/1676922/The-small-RNA-profile-in-latex-from-Hevea by guest on 16 September 2017 Susceptibility to TPD is likely to be genotype dependent. For instance, clones PB 260 and RRIM 600 are the most TPDsusceptible of the cultivated clones (Jacob 1989, Yang and Fan 1995) . These clones have a high latex metabolism and low antioxidant protection (Gohet et al. 1995 , Silpi et al. 1996 , Lacote et al. 2010 . The term TPD is commonly used for two symptoms. The first is a reversible physiological fatigue of laticifers (Figure 1d and e), whereas the second is related to Brown Bast tissues occurring on the tapping panel (Figure 1f and g).
A dry cut after tapping often occurs following over-tapping and excessive ethephon stimulation. This halt in latex production is due to the coagulation of rubber particles inside the laticifers. Harvesting stress, and both latex flow and regeneration, lead to the production of reactive oxygen species (ROS), Small RNA profile in latex from Hevea brasiliensis trees 1085 which in turn leads to oxidative stress in latex cells (Chrestin et al. 1984 , Chrestin 1989 . Reactive oxygen species damage cellular membranes, especially lutoids, which contain coagulant factors involved in the aggregation of rubber particles (Chrestin et al. 1984) . After a rest period of 1-4 weeks without harvesting, trees can resume normal latex production.
Brown Bast disease, also called phloem necrosis, is an irreversible deformation of bark that affects latex production (de Faÿ 2011 ). An evolution of histological anomalies has been intensively described, including the formation of tylosoids, lignified gum, hyperplastic tissues and abnormal division of parenchyma cells associated with laticifers (de Faÿ and Jacob 1989, Nicole et al. 1991) . The involvement of cyanogenesis was suggested because similar symptoms have been observed in both TPD trees and in trees with crown grafting incompatibility (Moraes et al. 2002) . More recently, the induction of tylosoid formation with in situ aggregation of rubber particles by linamarin or KCN supports this hypothesis (de Faÿ et al. 2010) . The induction of TPD symptoms by cyanide components could be a good system for further studies.
Numerous studies tend to highlight the molecular mechanisms underlying TPD. Several proteins associated with TPD have been identified (Dian et al. 1995 , Sookmark et al. 2002 , Venkatachalam et al. 2007 . As a consequence of TPD, most of the identified proteins, such as REF and SRPP, were released from organelles into the cytosol after cellular delocalization (Sookmark et al. 2002) . Analyses by differential display and suppression subtractive hybridization highlighted the involvement of ROS-scavenging systems, programmed cell death and the ubiquitin proteasome pathway (Chen et al. 2003 , Venkatachalam et al. 2007 , Li et al. 2010 , Peng et al. 2011 . These studies also led to the identification of TPDassociated genes, such as HbMyb1 and TCTP (Chen et al. 2003) , and HbTOM20 (Venkatachalam et al. 2007 (Venkatachalam et al. , 2009 . HbMyb1 and TCTP are down-regulated in the latex of TPDaffected trees. Myb1 role was recently defined as a stressinduced cell death suppressor in rubber trees (Peng et al. 2011) . HbTOM20 is a H. brasiliensis translocase of the outer mitochondrial membrane, which may play an important role in the alteration of the mitochondrial metabolism resulting in impaired latex biosynthesis (Venkatachalam et al. 2007 (Venkatachalam et al. , 2009 .
Small RNAs are regulatory RNAs found in most eukaryotes. The genomes of plants encode several classes of endogenous small RNAs including microRNAs (miRNAs). While many miRNA families play crucial roles in plant development and morphogenesis, some have been shown to be part of the signaling pathways leading to environmental stress responses (Khraiwesh et al. 2012 ), or to developmental stimuli (Nonogaki 2010) . MiRNA biogenesis in plants has been extensively reviewed (Naqvi et al. 2012) , with some specific differences compared with animals (Axtell et al. 2011 ). The miRNA biogenesis pathway involves several proteins such as RNAse III-like DICER-like I (DCL1), Hua Enhancer (HEN), hyponastic leaves (HYL) and a plant ortholog of exportin 5 (HASTY). The action of mature miRNA is under the control of ARGONAUTE1 (AGO1) present in the RNA-induced silencing complex. Currently, 18,226 mature miRNAs have been discovered and their sequences are deposited in the public database, miRBase (Release 18, 2011, http://www.mirbase.org; Griffiths-Jones et al. 2006 and 10,102 mature plant miRNAs have been deposited in the Plant MicroRNA Database (http:// bioinformatics.cau.edu.cn/PMRD; Zhang et al. 2006) .
The involvement of miRNAs in woody species was recently reviewed (Sun et al. 2012) . MiRNAs were studied in response to abiotic stress in Populus species (Lu et al. 2008 , Jia et al. 2009 , Li et al. 2011a , in tension wood formation (Lu et al. 2005) and in phase change (Wang et al. 2011) . Role of miRNAs in fruit development and maturation has also been reported in citrus (Song et al. 2009 , apple (Varkonyi-Gasic et al. 2010) and peach ). An earlier study on four Euphorbia species (Ricinus communis, Jatropha curcas, Manihot esculenta and H. brasiliensis) (Zeng et al. 2010) was recently completed with the identification of conserved miRNAs and putatively species-specific miRNAs in Hevea (Gébelin et al. 2012 , Lertpanyasampatha et al. 2012 .
We hypothesized that stress-related post-transcriptional regulation involving miRNAs could be involved in latex production and/or TPD of H. brasiliensis. This paper aims at providing the first description of miRNA biogenesis and miRNA families in latex cells. Based on next-generation sequencing techniques, we report on the deep sequencing of small RNAs from the latex of healthy and TPD-affected trees. A small RNA size signature was observed for TPD-affected trees compared with healthy trees. Nineteen conserved and four species-specific additional miRNA families were predicted in latex, in addition to the 95 miRNA families previously found in in vitro plant and leaf tissues (Gébelin et al. 2012 , Lertpanyasampatha et al. 2012 . Transcripts of miRNA biogenesis and pre-miRNA genes were then identified and quantified by real-time RT PCR in latex and bark.
Materials and methods

Plant material cultivation and treatments
Eight-year-old trees of Hevea clone PB260 (planted in November 2001), having undergone latex harvesting for 2 years, were grown at the Sembawa Rubber Research Centre in Indonesia (Figure 1a ). The harvesting system was a half spiral tapping (s/2), with a tapping frequency of 2 days (d2) (Figure 1b) . After tapping, latex flows out of the bark over the entire length of the tapping cut in 'healthy trees' (Figure 1c) . In TPD-affected trees, the tapping cut can be partially or totally dry (Figure 1c and d) . The length of dry cut was observed just after tapping before latex sampling.
Isolation of small RNAs extracted from the latex of mature trees
Small RNAs were purified with the mirPremier miRNA Isolation Kit (Sigma-Aldrich, St Louis, MO, USA), following the manufacturer's instructions for plant tissues (Gébelin et al. 2012) . Briefly, 200 µl of latex was collected directly in a 1.5 ml tube containing 200 µl of lysis solution to release small RNAs and, at the same time, to inactivate ribonucleases and interfere with secondary metabolites that might exist in latex. Samples were placed in a water bath at 55 °C for rubber coagulation. After centrifugation, small RNAs in the liquid fraction were then captured on a silica-binding column in the presence of alcohol. Residual impurities were removed by washing, and purified small RNAs were eluted in RNase-free water.
Deep sequencing of small RNAs and bioinformatic analyses
Small RNA samples consisted of a pool of small RNAs from the latex of three healthy and five TPD-affected trees with a partially dry cut (40-90%) for <2 years. Two Hevea small RNA libraries were constructed by the SKULDTECH Company (France). Briefly, the two small RNA pools (healthy and TPD) were individually separated on a denaturing 15% polyacrylamide gel. The gel slices containing RNAs with a size of ~15-50 nucleotides were excised and the RNA was eluted. Small RNAs were ligated to 5′ and 3′ adaptors using T4 RNA ligase. Products from the second ligation were gel purified, then reverse transcribed and amplified using PCR to produce cDNA. Polymerase chain reaction was performed with two primers that annealed to the ends of the adaptors. Polymerase chain reaction products were separated on 15% polyacrylamide gel and stained with ethidium bromide. The gel slices containing DNA with a size of ~92 nucleotides were excised and the DNA was eluted. The resulting cDNAs from the two libraries were mixed at equimolarity and sequenced using Solexa/Illumina technology (Illumina, Inc., San Diego, CA, USA).
The pipelines of bioinformatic analyses are described in Figure 2 . After sequencing, the adaptors were trimmed out using the Trim_Adaptor application (non-Open source application, SKULDTECH, Montpellier, France). Cleaning follows a prescribed order of operations: the initial step is to detect and remove Ns from both ends of each read. Then, once a full sequence is read, the application performs the cleaning operations as configured by a set of clipping parameters. The application trims the 3′ end location of the adaptor by scanning the input sequence file and detecting adaptors. The main parameter controls the level of cleaning by fixing the minimum clip length: if fewer than X nucleotides are aligned with the adaptor, the application will not clip it. In the first library established with in vitro plants and published in Gébelin et al. (2012) , the alignment threshold was set at N = 6. In the second library established with latex from healthy and TPD trees, the parameter was set at N = 2, for more stringent cleaning. Cleaning was carried out again for the first library established with in vitro plants, with the more stringent parameter.
Tissue-specific and global EST database for H. brasiliensis
The process is described in Duan et al. (2013) . Briefly, total RNA samples from plants at different stages of development and having undergone different types of stress were pooled together for each tissue separately (leaves, bark, latex, embryogenic tissues and roots), in order to have the most complete representation of the expressed genome in each tissue. Reads for all tissues were then used to generate a transcript sequence database for Hevea clone PB260, subsequently called the global database. To improve the EST database, Solexa reads (Illumina, Inc.) were mapped on contigs assembled from 454 reads as described in Duan et al. (2013) .
Identification of genes involved in miRNA biogenesis
We downloaded all sequences of the Arabidopsis thaliana multigene families encoding the proteins involved in miRNA biogenesis, such as DCL, HASTY, HEN, SE, SDN and AGO, from GenBank. Basic Local Alignment Search (BLASTN; http://blast. ncbi.nlm.nih.gov/Blast.cgi) was carried out using the Arabidopsis sequences and nucleic acid sequences of contigs assembled in the global HbPB260 transcript database. To check for false contigs generated by the ESTtik pipeline, selected contigs were extracted from the global mapping of the Solexa reads with Small RNA profile in latex from Hevea brasiliensis trees 1087 Samtools ). They were individually visualized with Tablet (Milne et al. 2010) , and contigs with a complete coverage with Solexa reads were kept. Finally, selected contigs were sorted again for their strong match with the Arabidopsis sequences (expectation value below 1E −7 over an alignment length of 100 bp minimum).
In silico comparison of transcript abundance
An in silico analysis was used to compare the relative transcript abundances for the genes involved in miRNA biogenesis and genes in various tissues, based on transcript presence in the Hevea tissue-specific transcript sequence databases for bark, leaves, latex, embryos and roots. A Perl script was used to parse the alignment .ace file provided by the MIRA assembler in order to count the number of reads for each contig and to identify the number of reads for each tissue (bark, leaves latex, embryos and roots). Statistical analysis of differentially expressed genes was carried out using the DESeq (v1.10.1) package in R software (Anders and Huber 2010, http://www. Rproject.org/) as previously described in Duan et al. (2013) .
Identification of the conserved and species-specific Hevea miRNAs and their precursors
The non-redundant dataset was produced using WU nrdb software. The unique small RNA sequences were then compared with BLASTN (Altschul et al. 1990 ) against the Plant MicroRNA database , http://bioinformatics.cau.edu.cn/ PMRD) in order to classify the small RNAs and identify mature miRNAs in Hevea already known in several other species.
Conserved miRNAs and putative species-specific miRNA precursors were identified in the PB260 latex transcriptome (http://bassigny/cgi-bin/esttik_dev/quick_search.cgi), using a modified version of the LeARN pipeline (http://symbiose. toulouse.inra.fr/LeARN/release, 1;5.0) (Noirot et al. 2008 ), a platform for detecting, clustering and annotating non-coding RNAs ( Figure 2 ). As described in Gébelin et al. (2012) , each miRNA precursor was checked manually following the rules described in Zhao et al. (2011) . Stem-loop sequences were BLASTed against the Hevea genomic scaffold generated by the CATAS-BIG project (data not shown), and the number of loci per miRNA precursor were counted. The five novel speciesspecific miRNA precursors will be submitted to miRBase (mirbase@manchester.ac.uk) after acceptance of this publication.
Prediction of miRNA-targeted genes related to rubber biosynthesis and TPD
The sequences from Hevea latex were scanned with conserved and non-conserved miRNA sequences using first MIRANDA, which is included in the LeARN pipeline as previously described in Gébelin et al. (2012) . After a screening carried out by keyword in the gene ontology (GO) classification, the putative targets related to TPD and to rubber biosynthesis were tested again by using the psRNATarget web-service pipeline (Dai and Zhao 2011) . Only the miRNA/targets pairs displaying a free energy (mfe) below −20 kcal mol -1 are listed (Table S1 available as Supplementary Data at Tree Physiology Online).
Total RNA extraction from bark and latex of mature trees
One gram of bark tissue was mixed with 1.5% polyvinylpyrrolidone and ground in liquid nitrogen. The powder was transferred to 15 ml of preheated (65 °C) extraction buffer (100 mM Tris-HCl, pH 8.2, 1.4 M NaCl, 20 mM EDTA, 2% (w/v) CTAB and 75 µl of β-mercaptoethanol) and homogenized for 2 min. The tubes were kept at room temperature for 5 min and then an equal volume of chloroform : isoamyl alcohol (24 : 1) was added. After centrifugation at 12,000g for 15 min at room temperature, the upper aqueous phase containing nucleic acids and polysaccharides was carefully transferred to a new tube, and subsequently extracted with phenol, phenol : chloroform : isoamyl alcohol (25 : 24 : 1), and chloroform : isoamyl alcohol (24 : 1), followed each time by centrifugation at 12,000g for 15 min. The aqueous phases were precipitated with 2 M LiCl. The RNA was allowed to precipitate overnight at 4 °C and then recovered by centrifugation at 17,000g for 30 min at 4 °C. The pellet was dissolved in milliQ grade water and was extracted with phenol, phenol : chloroform : isoamyl alcohol (25 : 24 : 1), and chloroform : isoamyl alcohol (24 : 1), respectively, followed each time by centrifugation at 12,000g for 15 min at 4 °C. The supernatant was collected and RNA was precipitated with 0.1 volumes of 3 M sodium acetate, pH 5.8, and 3 volumes of 100% ethanol at -70 °C for 4 h to overnight. The RNA was recovered by centrifugation at 17,000g at 4 °C for 30 min. The pellet was washed with an equal volume of 70% cold ethanol, air-dried and dissolved in nuclease-free water.
The latex was collected in sterile Falcon tubes containing 2× extraction buffer (100 mM Tris-HCl, pH 9; 10 mM EDTA, pH 8; 300 mM LiCl and 10% SDS). Routinely, 6 ml of latex was collected in 15-ml Falcon tubes containing 6 ml of extraction buffer. After collection, the tubes were immediately frozen in liquid nitrogen for transportation, and then stored at −70 °C. The latex samples were thawed in a water bath at 50 °C and centrifuged at 15,000g for 30 min at 20 °C. The 'white fraction' was collected and transferred to a new tube purified twice beforehand with 1 volume of phenol/chloroform/isoamyl alcohol (25/24/1; v/v/v) saturated with DEPC water. After shaking at room temperature for 15 min, samples were centrifuged at 10,000g for 15 min at 4 °C. The aqueous phase was collected and mixed with 1 volume of chloroform/isoamyl alcohol (24/1; v/v/v) saturated with DEPC water. After shaking at room temperature for 15 min, samples were centrifuged at 10,000g for 10 min at 4 °C. The aqueous phase was collected and mixed with 1/3 volume of 8 M LiCl and kept overnight at 4 °C. After centrifugation at 10,000g for 30 min at 4 °C, the pellet was dissolved in 400 µl of DEPC water. After complete dissolution, RNAs were purified again with 1 volume of phenol/chloroform/ isoamyl alcohol (25/24/1; v/v/v) and centrifuged at 13,000g for 15 min at 4 °C. A 1/10 volume of 3 M Na acetate, pH 5.2, and 1 ml of absolute ethanol were added to the aqueous phase to precipitate the RNA. After one night at −20 °C and centrifugation at 13,000g for 30 min at 4 °C, the pellet was washed with 1 ml of 70% ethanol and air-dried. The pellet was then dissolved in 100 µl of DEPC water.
Complementary DNA synthesis and real-time RT-PCR
A DNAse treatment was performed using TurboDNAse (Ambion, Life Technologies, Carlsbad, CA, USA) following the manufacturer's instructions. One microgram of total RNA was used for complementary DNA (cDNA) synthesis in a 20 µl reaction using a RevertAid™ M-MuLV reverse transcriptase following the manufacturer's instructions (MBI, Fermentas, Burlington, ON, Canada). The primers used for stem-loop amplification and real-time PCR analyses are presented as Table S2 available as Supplementary Data at Tree Physiology Online (Gébelin et al. 2012) . All primers were validated by realtime PCR. The real-time PCRs consisted of 2 µl of RT product cDNA diluted 25 times, 1 µl of 5 µM of each primer, and 3 µl of 2× SYBR green PCR master mix (LightCycler ® 480 SYBR Green I Master, Roche Applied Science, Basel, Switzerland) in a 6 µl volume. Polymerase chain reaction cycling conditions comprised one denaturation cycle at 95 °C for 10 min, followed by 55 amplification cycles (95 °C for 5 s and 60 °C for 20 s). Melting curves were analyzed to check the specificity of the PCR amplification (Table S2 available as Supplementary Data at Tree Physiology Online).
The standard curve was generated using a twofold dilution series of 10 points in triplicate from a mixed cDNA sample. This standard curve allowed the calculation of primer efficiencies (Gébelin et al. 2012 , Table S2 available as Supplementary Data at Tree Physiology Online). The reference gene used in this study was RH2b (Li et al. 2011b) .
Results
Hevea miRNA biogenesis
Transcript sequences of genes involved in miRNA biogenesis were identified by sequence similarity with the Hevea transcript sequence database (Figure 3 ). Eight gene families described in Arabidopsis were found in Hevea. Eighty-two contigs were identified in total for DCL (48), HYL (7), SERRATE (2), HASTY (1), SDN (4), AGO (18), HST (1) and HEN (1). As the DESeq analysis did not show any significant changes in read abundance, we qualitatively described some points as follows. In latex, we found reads corresponding to all genes except HEN. Conversely, only one latex-specific contig encoding AGO (hevea_454_c33015) was found. Nine contigs representing DCL and AGO functions had a higher read abundance in latex compared with other tissues. In contrast, the number of reads from 12 contigs representing four functions was lower in latex than in other tissues.
Sequencing and length distribution of small RNAs from latex
In order to confirm an efficient miRNA biogenesis pathway, we tried to isolate the miRNAs from latex. Two libraries of small RNAs from latex of healthy and TPD-affected trees were therefore sequenced using the Solexa technique, which generated a total of 4,674,387 and 943,647 raw reads, respectively (Table 1) . Reads from these two libraries were analyzed using the bioinformatic pipeline presented in Figure 2 . After removing adaptors with the TRIM ADAPTOR program, cleaned reads amounted to 742,988 and 207,276 unique sequences for latex from healthy and TPD-affected trees, respectively ( Table 1) . Annotation of the Hevea small RNAs was carried out by comparing their sequences with all the miRNA sequences available in the Plant MicroRNA database. In total, 59,449 sequences from healthy trees (8.0%) matched (0 or 1 mismatch) with the conserved miRNA sequences of other species, whereas only 713 sequences from TPD-affected trees were similar to such sequences (0.3%). Conserved miRNA families were identified among small RNAs by similarity in the Plant MicroRNA database (alignment of at least 19 nucleotides). In addition, small RNAs were also used to screen a Hevea transcript sequence database. Species-specific miRNA families were predicted by the LeARN pipeline, which checked the stem-loop structure on mapped transcript sequences. The accessions were classified into 60 miRNA families for latex from healthy trees (49 conserved and 11 species-specific) and 21 families for latex from TPD-affected trees (13 conserved and eight species-specific). The length distribution of unique small RNA accessions was compared for the two latex libraries and the previously published libraries for various tissues (leaf, bark and root) of 1-year-old plants (Gébelin et al. 2012, Figure 4) . Solexa reads from the plant tissue library were analyzed using the same bioinformatic pipeline, which had greater stringency for removing adaptors (two identical bases whose adaptors were clipped instead of six in previous work). The sequence length of small RNAs ranged from 17 to 30 nucleotides (Figure 4) . Their distribution according to the percentage of accession numbers showed two peaks ~21 and ~24 nucleotides. Small RNAs from plant tissues and the latex of healthy trees showed a main peak of ~24 nucleotides (geometrical mean of 23.52 ± 1.55), whereas small RNAs from the latex of TPD-affected trees peaked at 21 nucleotides (geometrical mean of 21.24 ± 1.39).
Classification of miRNA families
The read abundance for miRNA families found in libraries from various tissues of 1-year-old plants (Gébelin et al. 2012) and latex from healthy and TPD-affected trees are presented in Table  S3 available as Supplementary Data at Tree Physiology Online. For the conserved miRNA families, we found 44 in tissues from young plants, 48 in latex from healthy trees and 13 in latex from TPD-affected trees. Twenty-four conserved families were common to the libraries from tissues of young plants and latex from healthy trees. For the species-specific miRNA families not described in other species, we found five in tissues from young plants, six in latex from healthy trees and four in latex from TPDaffected trees. Interestingly, we identified five additional speciesspecific miRNA families in latex (HbmiRn11, HbmiRn12, HbmiRn13, HbmiRn14 and HbmiRn15) not found in tissues from young plant material (Table S3 available as Supplementary Data at Tree Physiology Online; Table 2 ). In contrast, all species-specific miRNAs found in the latex of healthy trees were also found in the TPD-affected trees (miRn11 to miRn15).
The stem-loop structures of the five predicted speciesspecific pre-miRNAs are presented in Table S4 available as Supplementary Data at Tree Physiology Online. By mapping the sequence of the dataset on the precursor sequences, we identified miRNA* for three predicted species-specific families (HbmiRn11, HbmiRn12 and HbmiRn15; Table 2 ), confirming that we identified naturally occurring miRNA/miRNA* duplexes.
Combining our previous published miRNA precursors from Hevea plantlets and those from this work from latex, we identified 25 miRNA precursors consisting of 10 conserved and 15 species-specific families (Gébelin et al. 2012 , Lertpanyasampatha et al. 2012 . The accuracy of these predictions was checked by mapping all the miRNA precursors on Hevea genomic sequences to determine the number of loci per miRNA precursor (Table 3) . Nine of the 10 conserved miR precursors were validated and named by miRBase (mirbase@manchester.ac.uk). For the 10 species-specific miRNAs described previously in Hevea plantlets (Gébelin et al. 2012 , Lertpanyasampatha et al. 2012 , four of them were validated after submission to miRBase (MIR6482 to MIR6485). The five novel species-specific miRNA precursors found in latex (miRn11 to miRn15) were submitted to miRBase on 14 August 2013. New miR numbers will be assigned after publication.
The read abundance for miRNA families found in the latex of H. brasiliensis showed that 25 miRNA families had more than 100 reads, 10 families were predominant with more than 1000 reads (HbmiR159/319; HbmiR165/166, HbmiR 172, HbmiR2911, HbmiR396, HbmiR894, HbmiRn12 and HbmiRn15) and two families were extremely abundant with more than 10,000 reads (HbmiR172 and HbmiRn12) ( Figure 5 ). When comparing plantlet (Gébelin et al. 2012 , Lertpanyasampatha et al. 2012 ) and latex libraries, eight miRNA families were highly represented with more than 5000 reads (Table S3 available as Supplementary Data at Tree Physiology Online). Of them, only miR159/319 was found in both libraries. Indeed, the four miRNA families found in plant tissues were conserved families: miR408 (23,091 reads), miR159/319 (20,954 reads), miR390 (7014 reads) and miR165/166 (5213 reads). The five miRNA families found in latex consisted of three conserved and two species-specific families: miRn12 (44,936 reads), miR172
Small RNA profile in latex from Hevea brasiliensis trees 1091 Figure 4 . Length distribution of unique small RNA accessions from H. brasiliensis plant tissues (leaf, bark, root (black bars), Gébelin et al. 2012) and latex from healthy (dark grey bars) and TPD-affected (light grey bars) trees. Gébelin et al. 2012) . A detailed analysis of the 21 miRNA sequences found in the latex of TPD-affected trees showed that the read abundance of all miRNAs families was dramatically low compared with latex from healthy trees, with HbmiR1873 being low for both libraries (Table 4 ). HbmiRn15 was the most abundant (333 reads) for the TPD-affected trees.
Prediction of miRNA families targeting TPD-related and natural rubber biosynthesis genes
We identified in the literature three categories of genes related to TPD: rubber biosynthesis, ROS-scavenging systems and programmed cell death. Our Hevea transcript database was screened using MIRANDA with the latex miRNA database and all the targets were classified according to the GO classification. The TPD-related genes were then subjected to PsRNATarget to cross-check miRNA targets (Dai and Zhao 2011) . We predicted 15 different miRNA families, targeting TPD-related genes comprising 13 conserved and two species-specific families (miRn12, miRn15; Table 5; Table S1 available as Supplementary Data at Tree Physiology Online). Among the putative targets, the TPDrelated MYB family of transcription factors and the translationally controlled tumor protein (TCTP) had five and two genes targeted by six and one miRNA families, respectively.
Six miRNA families (miR159, miR172, miR319, miR535, miR894 and miRn15) were predicted to target transcripts encoding enzymes involved in the natural rubber biosynthesis pathway ( Figure 6 ). These miRNA families may posttranscriptionally inhibit three genes encoding mevalonate kinase, phosphomevalonate kinase and the rubber elongating factor under certain biological contexts.
Relative transcript abundance of some pre-miRNAs and genes involved in miRNA biogenesis
The expression of MIR genes was evaluated by measuring the relative transcript abundance of pre-miRNA (pre-MIR) for six conserved and five species-specific MIR genes in the latex of 8-year-old healthy trees of clone PB 260 (Table S5A-C available as Supplementary Data at Tree Physiology Online). The six conserved pre-miR had a relative transcript ranging from 2.01 × 10 −4 to 2.61 × 10 2 (Table S5A available as Supplementary Data at Tree Physiology Online). For the five species-specific miRNA genes, two had a relative transcript accumulation exceeding The presence of the miRNA* sequence in the small RNA dataset is indicated for healthy (H) and TPD trees. 10 +1 (Hbpre-miRn6 and Hbpre-miRn13). Three genes (HbpreMIR159a, Hbpre-MIR159b and Hbpre-MIR408b) were significantly less expressed in latex compared with bark tissue. For the genes involved in miRNA biogenesis, the relative transcript abundance ranged from 3.72 × 10 −5 to 2.14. Six genes involved in miRNA biogenesis were also differentially abundant in these tissues (Table S5B available In order to validate our experimental design, we chose one TPD-related marker gene (FG981329), which is down-regulated with TPD in clone RRII 105 (Venkatachalam et al. 2009 ). This marker gene was also found to be significantly down-regulated during TPD in the Hevea clone PB 260 (Figure 7a and Table 6,  and Table S5C available as Supplementary Data at Tree Physiology Online). We checked the relative abundance of several pre-MIR and miRNA biogenesis gene transcripts in these TPD-affected trees to determine whether miRNA regulation might intervene in the TPD syndrome. With regard to the pre-MIR genes, only Hbpre-MIR159b gene transcripts were found to be significantly more abundant during TPD (Figure 7b ), while none of the miRNA biogenesis genes displayed any significant relationship between their level of relative transcript abundance and the degree of TPD.
Discussion
Changes in small RNA size in the latex of TPD-affected trees
The distribution of small RNA sequence lengths isolated from various tissues of plants growing under abiotic stress and from the latex of healthy and TPD-affected trees was compared. A specific profile for a large number of accessions with 20 or 21 nucleotides was observed in the latex of TPDaffected trees, whereas a 24-nucleotide peak was detected for small RNA from latex of healthy trees and other tissues such as stem, root and leaf (Gébelin et al. 2012 , Lertpanyasampatha et al. 2012 . Interestingly, although the various abiotic stresses applied to the plants (cold, water Small RNA profile in latex from Hevea brasiliensis trees 1093 The threshold for P < 0.05 (*) is R > 0.632. pre-miR159b. Based on the literature (cf. Introduction), genes related to TPD such as ROS-scavenging systems and programmed cell death (PCD) were identified in a Hevea transcript database (Duan et al. 2013) . Targets were first predicted using the MIRANDA program and then subjected to GO classification. After a screening carried out by a keyword in the GO classification, the targets related to TPD and to rubber biosynthesis were tested again using the psRNATarget web-service pipeline (Dai and Zhao 2011) . Only the miRNA/targets pairs displaying a free energy (mfe) below −20 kcal mol −1 are listed below (for details, see Table S4 available as Supplementary Data at Tree Physiology Online).
analyses carried out with a minimum clip length of six nucleotides (Gébelin et al. 2012 ), led to a reduction in the length of small RNA sequences. These changes in length distribution using various bioinformatics programs and parameters highlight the limitations of bioinformatics analyses, which should combine several approaches to improve data quality. This paper compared the three data sets using strictly the same analysis parameters in order to generate more consistent outputs without manual analysis. The degradation of 24-nucleotide-long small RNAs and the regulation of miRNAs size are both suspected to explain the changes in small RNA size in TPD-affected trees. For instance, the degradation by cold treatment of small RNAs from 21 to 19 nucleotides was suggested in Brachipodium (Zhang et al. 2009 ). In Hevea, a regular decrease in the percentage of accession numbers from 21 to 17 nucleotides first suggests the degradation of small RNAs from the latex of TPD-affected trees. Degradation products and other small RNAs (siRNA, tasiRNA, natsiRNA, snoRNA, etc.) are usually included in the count of small RNA sequences without similarity being found in the PMRD. However, this number of unique clean sequences of small RNAs was reduced by 3.3 times in the latex of TPDaffected trees compared with healthy trees. After a BLAST analysis against the Arabidopsis genome, hits sharing high similarity with tRNAs, rRNAs and degraded mRNAs were analyzed in detail (Table S6 available as Supplementary Data at Tree Physiology Online). The size distribution of these high-molecularweight RNAs was identical in the latex of healthy and TPDaffected trees. The shift in the size distribution of small RNAs could therefore not be explained by small RNA degradation in TPD-affected trees. The second hypothesis based on the existence of at least two regulatory pathways of miRNA size regulation also supports our results (for review, see Voinnet (2009) ). MiRNAs with 21 nucleotides are DCL1 dependent, whereas 24-nucleotide miRNAs are DCL3 dependent (Henderson et al. 2006 , Ben Amor et al. 2009 , Vaucheret 2009 ). Consequently, the high proportion of 21-nucleotide miRNAs in the latex of TPD-affected trees suggests that the DCL1 system is predominant with TPD. In healthy Hevea plants, the two systems might coexist. Tapping panel dryness might induce the loss of the latter system. The tissue-specific regulation observed by transcriptomic analysis highlights the complexity of miRNA biogenesis in Hevea. MicroRNA biogenesis proteins are encoded by multigene families. Based on the Hevea genome sequence, full characterization of the miRNA biogenesis pathway could be implemented in order to clarify the involvement of this complex mechanism in TPD.
Down-regulation of latex-expressed miRNA families with TPD
Several results converge to indicate a decrease in miRNAs from the latex of TPD-affected trees. Although latex libraries were prepared at equimolarity for sequencing, latex from TPDaffected trees generated five times fewer reads and, above all, 83 times fewer sequences with similarity in the PMRD. This was confirmed by the presence of only 13 of the 49 conserved and eight of the 11 species-specific miRNA families found in the latex of healthy trees. In addition, low read abundances were recorded for miRNA families present in the latex of TPDaffected trees compared with healthy trees.
Latex is the cytoplasm of laticifers, which conserve their nuclei after tapping. This cellular arsenal is necessary for latex regeneration between two tappings. Our results demonstrated that some genes involved in miRNA biogenesis are expressed in latex cells, suggesting that this particular cell compartment behaves like all differentiated cells. Surprisingly, pre-miRNAs transcripts were detected in latex while miRNA biogenesis takes place in the nucleus. Pre-miRNAs generate miRNA duplexes, which are exported from the nucleus to the cytoplasm by HASTY. These results suggest that some of the nuclei from laticifers might be degraded or broken down due to the osmotic stress following tapping. Subcellular localization will be required to check the miRNA biogenesis system in rubber and the integrity of laticifer organelles after tapping. Pre-miRNA accumulation is not expected to reflect the quantity of mature miRNA exported into the cytoplasm. Mobile miRNAs are in the phloem sap and can be transmitted through grafts (Marin-Gonzalez and SuarezLopez 2012) . Sucrose is also in the phloem sap to be loaded in Small RNA profile in latex from Hevea brasiliensis trees 1095 the laticifers for natural rubber production. Although loading of mature miRNAs into latex cells is possible, we showed that these specialized cells have also their own machinery for miRNA biogenesis.
The relative pre-miRNA abundances between TPD-affected and healthy trees were not greatly changed except for HbpreMIR159b, whose relative abundance was increased. The low level of small RNAs observed in TPD-affected trees could not be explained by the relative transcript abundance. This observation suggests that a general degradation of the miRNA biogenesis system might occur in latex from TPD-affected trees, but was not detected with the 10 genes tested that are involved in miRNA biogenesis. Targets of miR159 were predicted and might be involved in various activities such as rubber biosynthesis, antioxidant activity, programmed cell death and transcription regulation activity (Table 5 ; Gébelin et al. 2012 , Duan et al. 2013 ).
Three TPD-related genes were down-regulated with TPD in the RRII 105 clone (Venkatachalam et al. 2007 (Venkatachalam et al. , 2009 . Two of them were predicted to be targeted by miRNAs. HbMyb1 was recently shown to be a stress-induced cell death suppressor in rubber trees (Peng et al. 2011) . In this paper, 13 miRNA families were predicted to target transcripts of nine Myb genes. Although they have a low read abundance, four of them (miR159, miR319, miR396, miR894) were present in the latex of TPD-affected trees. Myb transcripts are targeted, among others, by miR159 and miR319, which have the same sequence but come from different pre-miRNAs and consequently different MIR genes. Interestingly, MYB transcription factors have been demonstrated in other species to be targeted by miR159 in response to several types of abiotic stress (Khraiwesh et al. 2012) . These miRNAs are known to be involved in controlling leaf development (Ori et al. 2007 , Kidner 2010 . The second TPD-associated gene encodes a TCTP. Silencing of the TCTP by siRNA inhibits cell growth and induces apoptosis in human prostate cancer cells (Gnanasekar et al. 2009 ). Apoptosis is a process of programmed cell death. Two Hevea miRNA families were predicted to inhibit 11 TCTP genes. The decline in miRNAs is not consistent with the down-regulation of these two candidate genes. Thus, other members of these multigene families are likely to be targeted by miRNAs.
Latex-specific miRNAs and conclusions
This study revealed a specific small RNA signature from the latex of TPD trees. The decline in small RNA size and their number was confirmed by the lower miRNA read abundance. All genes necessary for miRNA biogenesis were found to be expressed in latex, suggesting that latex cells have their own post-transcriptional regulation system not requiring miRNA movement from one cell to another.
The presence of 23 putative latex-specific miRNA families heightens the interest of this cellular compartment in stress biology. Nineteen conserved and four species-specific latex-specific miRNA families were not described in previous studies on various tissues of 1-year-old Hevea plants (Gébelin et al. 2012 ) and leaves (Gébelin et al. 2012 , Lertpanyasampatha et al. 2012 , Table S7 available as Supplementary Data at Tree Physiology Online). This first prediction of miRNA-targeted genes in latex opens up new areas of research for understanding the involvement of post-transcriptional regulation in TPD and rubber biosynthesis. For instance, the gene encoding HMG-reductase, a key enzyme in rubber biosynthesis, was predicted to be targeted by miRNAs in plant tissues and not in latex (Gébelin et al. 2012) . Consequently, further validation will be necessary to dissect the mechanisms underlying these important biological functions and in particular the targets of miR159.
Supplementary Data
Supplementary data for this article are available at Tree Physiology Online.
